INTRODUCTION
Biosynthesis of tetrapyrroles from the common intermediate 5-aminolaevulinic acid (ALA) follows a pathway universal to all living organisms (Fig. 1 ). There are, however, two separate biosynthetic pathways leading to ALA (for a review see Avissar & Moberg, 1995) . Uroporphyrinogen 111 (UroIII) is the first cyclic tetrapyrrole intermediate in the pathway and is a precursor both to oxidized tetrapyrroles, such as haem and chlorophylls, and to reduced tetrapyrroles, such as sirohaem, vitamin B,, and haem d,.
In the Gram-positive bacteria Bacillus subtilis, Clostridium josui, Mycobacterium tuberculosis and Staphylococcus aureus, the genes for enzymes catalysing The GenBank accession numbers for the sequences determined in this work are AF064058 (B. stearothermophilus hemX), AF064059 (Br. brevis hemX), AF064060 (B. sphaericus hemX) and AF064061 (P. macerans hemA cysGB hemC cysGA-hemD).
the biosynthesis of UroIII are organized in operons (Hansson et a[., 1991; Fujino et al., 1995; Cole et al., 1998; Kafala & Sasarman, 1997) . The gene order in the h e m operons from these species is the same, but there are some differences in the genes present. B. subtilis and S. aureus have a hemAXCDBL operon, encoding the enzymes for UroIII synthesis from glutamyl-tRNA (Fig.  1) . The hemX gene is not essential for haem synthesis in B. subtilis (Schroder et al., 1994) . HemX is a polytopic membrane protein which by an unknown mechanism down-regulates the level of HemA (Schroder et al., 1994) . It is notable that Escherichia coli does not contain a hemX gene (Blattner et al., 1997) . The hemE, hemH and hemY genes in Gram-positive bacteria are required for protohaem IX synthesis from UroIII and tend to be clustered, e.g. in B. subtilis (Hansson & Hederstedt, 1992) , Mycobacterium (GenBank accession no. L01536; Cole et al., 1998) , Propionibacterium freudenreichii (Hashimoto et al., 1997) and Deinococcus radiodurans (sequence data obtained through early release from The Institute for Genomic Research at www.tigr.org). Fig. 1 . Overview of tetrapyrrole biosynthesis, with gene products indicated. In animals, fungi and proteobacteria of the a-subdivision, 5-aminolaevulinic acid (ALA) is synthesized from succinyl-coenzyme A and glycine. In plants, most bacteria and archaea, ALA is synthesized from glutamyl-tRNA by the action of glutamyl-tRNA reductase (HemA) and glutamate-lsemialdehyde aminotransferase (HemL). Uroporphyrinogen Ill (Urolll) is formed from ALA in three steps, catalysed by ALA dehydratase (HemB), porphobilinogen deaminase (HemC) and Urolll synthase (HemD), respectively. Synthesis of sirohaem, vitamin B, , and haem d, involves an S-adenosylmethionine-dependent methylation of Urolll t o form precorrin-2, which is catalysed by Urolll methyltransferase. Oxidation of precorrin-2 t o sirohydrochlorin and chelation of sirohydrochlorin with iron results in sirohaem. Two of the enzymes for the synthesis of protohaem IX from Urolll are common to all organisms: Urolll decarboxylase (HemE) and ferrochelatase (HemH). Bacteria of the family Enterobacteriaceae have an aerobic and an anaerobic coproporphyrinogen Ill oxidase, HemF and HemN respectively, and protoporphyrinogen IX oxidase, HemG. Gram-positve bacteria and some Gram-negative bacteria have a HemY protoporphyrinogen IX oxidase but do not contain the HemF/HemN coproporphyrinogen Ill oxidase. The 0. positive bacteria is probably important for regulation. It may also be of evolutionary significance and could be related to the metabolism of the different bacteria. The aim of the present work was to better understand the organization of hem genes and to analyse the occurrence and sequence of the hemX gene in Gram-positive bacteria. hem gene clusters from Bacillus species, Breuibacillus brevis and Paenibacillus macerans were cloned and the gene organization analysed. The bacteria chosen represent different phenotypes ranging from strictly aerobic to facultatively anaerobic and also include a thermophilic species (Bacillus stearotherrnophilus) .
The compact organization of h e m genes in Gram-
From this work a role of the B. subtilis YlnF protein in sirohaem synthesis was also identified.
METHODS
Bacterial strains and plasmids. These are listed in Table 1 .
Media and growth of bacteria. B. subtilis strains, P. macerans (previously Bacillus macerans: Ash et al., 1993) and B. sphaericus were grown on Tryptose Blood Agar Base (TBAB; Difco), in LB medium (Sambrook et al., 1989) or in Spizizen's minimal medium (Spizizen, 1958) with required amino acids added at 20 mg 1-l. E. coli strains were grown on TBAB, in LB medium or in M9 minimal medium (Sambrook et al., 1989) . B. stearothermophilus was grown on LA plates or in LB medium modified by exclusion of NaCl. Br. brevis (previously Bacillus brevis: Shida et al., 1996) was grown on TBAB or in Todd-Hewitt Broth. B. stearotherrnophilus was grown at 55 "C, Br. brevis and B. sphaericus at 30 "C, and all other bacteria at 37 "C. The following antibiotics were used: ampicillin (75 mg l-'), chloramphenicol (E. coli, 12.5 mg IF1; B. subtilis 5 mg l-'), erythromycin (3 mg l-'), kanamycin (20 mg 1-l). Media containing haemin (liquid media, 0.5 mg 1-l; plates, 2.5 mg 1-l) were supplemented with cysteine (20 mg 1-l) and 0.5 ' / o (w/v) bovine serum albumin fraction V (Sigma). Haemin stock solutions were prepared as described previously (Petricek et al., 1990 Complementation of the ALA requirement of the B. subtilis strain KA11 was assayed on Spizizen's minimal medium plates. The other B. subtilis and E. coli hem mutants were tested for complementation on TBAB plates. B. subtilis ylnF and MUSF mutants were tested for complementation on Spizizen's minimal medium plates with nitrate as nitrogen source. E. coli cysG mutants were tested for complementation on M9 minimal medium plates. Chromosomal DNA isolated from Br. brevis, B. stearothermophilus and P . macerans was partially cleaved with Sau3A. DNA from B. sphaericus was partially cleaved with the isoschizomer M6oI since it was resistant to cleavage by Sau3A (indicating that the C residue of the GATC recognition sequence is methylated in B. sphaericus). The cleaved DNA was size-fractionated and fragments of 5-10 kbp were ligated to BamHI-cleaved B. subtilis-E. coli shuttle plasmids pHP13 or pHB201. pHB201 has ; 1 0'-type promoter in front of the cloning cassette to facilitate expression of cloned genes in B. subtilis (Haima et al., 1990) . B. subtilis strains were transformed with the ligation mixtures and haem prototrophs were selected. The colonies obtained were transferred to plates containing chloramphenicol to confirm that they carried the respective plasmids. Plasmid DNA was then extracted from the transformants and used in retransformation of the B. subtilis hem mutants. Finally, the cloned fragments were used in Southern blot malysis to verify that they represented continuous segments of the chromosome of the respective bacterial specics.
Construction of B. subtilis 168AYlnF. The last part of B. subtilis ylnF (601 bp) was amplified by PCR, using primers Yln3.5 and Yln4 (Table 2 )' and cloned in pBluescript I1 KS( -) giving plasmid pYLN2. The cat gene from pHV32 was inserted in pYLN2 giving plasmid pYLN3. The first part of B. subtilis ylnF (277 bp) was amplified by PCR, using primers YLNlO and YLN20, and cloned in pYLN3 giving plasmid pYLN30. By transforming B. subtilis 168 with pYLN30 and selecting for Cm", an internal region of the ylnF gene (nucleotides 1635 115-1635381) was replaced with the cat gene, as confirmed by Southern blot analysis.
DNA techniques. Plasmids were propagated in E. coli XL-1 Blue. Large-scale preparations of plasmid DNA were carried out as described by Ish-Horowicz & Burke (1981) . Small-scale preparations of plasmid DNA were performed by the boiling method (Sambrook et al., 1989) or by using the Quantum purification system (Bio-Rad). Plasmid DNA was sequenced using the Sequenase version 2.0 kit and [35S]dATPaS (Amersham). DNA amplification was achieved by PCR using Taq polymerase (Boehringer Mannheim) . Chromosomal DNA was prepared as described by Marmur (1961) . Chromosomal DNA fragments were size-fractionated by sucrose gradient centrifugation. Southern blot analysis of chromosomal DNA was performed using a random priming kit and [a-32P]dCTP (Amersham). The programs used for sequence analysis were part of the Wisconsin Package Version 8.1 (Genetics Computer Group, Madison, WI, USA).
Other methods. SDS-PAGE was performed according to Neville (1971) . Western blotting was performed according to Towbin et al. (1979) using a semi-dry electroblotter (Ancos) and Immobilon P filters. The antiserum against B. subtilis HemA was described by Schroder et al. (1994) . Goat antirabbit IgG conjugated to alkaline phosphatase (Clontech) was used as secondary antibody. Protein concentrations were determined using the bicinchoninic acid protein assay (Pierce) with bovine serum albumin as standard.
RESULTS AND DISCUSSION

Cloning of hem genes
T h e B. subtilis strains 1A.589 (hemB1) and 1A.590 (hemC33) have a strict growth requirement for external haem and give essentially n o background growth when 107-108 cells are spread o n TBAB plates (Anderson & Ivanovics, 1967) . Since the hemB a n d hemC genes are well conserved in many bacteria (Rhie et al. 1996 ; Kafala & Sasarman, 1997), the above B. subtilis mutant strains were used to isolate hem genes from other bacteria by complementation as described in Methods.
DNA fragments which complemented B. subtilis hemB1 a n d hemC33 mutations were obtained from B. sphaericus a n d P. macerans. Only hemB2 -complementing fragments were found for Br. breuis and B. stearothermophilus in a primary screen. However, when the hemB1 -complementing plasmids were isolated a n d used t o transform the hemC33 mutant to chloramphenicol resistance, the plasmids could then complement the hemC33 mutation ( Organization of hem genes in P. macerans An 8.1 kbp DNA segment containing genes for synthesis of UroIII and sirohaem from glutamyl-tRNA was cloned from P. macerans. Five complete open reading frames, ORFl to ORF5, and the beginning of a sixth, ORF6, were identified in the cloned segment (Fig. 3) . Located 59 bp upstream of the putative start codon of ORFl is a typical oA-type -10 promoter sequence, TATAAT. The amino acid sequence deduced from ORFl shows 52% sequence identity to B. subtilis HemA (Petricek et al., 1990) . pXMAC3 complemented B. subtilis hemA, while pXMAC311 complemented E. coli hemA (Fig. 3 , Table  4 ). (The region preceding ORFl is not tolerated in E. coli.) Thus, ORFl is hemA, encoding glutamyl-tRNA reductase.
ORF2 shows 50 YO sequence similarity to the N-terminal part of E. coli CysG (Peakman et al., 1990 ) (aa 1-201) (Fig. 4) , an enzyme which catalyses sirohaem synthesis from UroIII (Fig. 1) . The sequence similarity, together
with experimental results presented in the next section, shows that ORF2 corresponds to the CysGB domain, which catalyses the conversion of precorrin-2 into sirohaem.
P. macerans hem genes were cloned by complementation of B. subtilis hemC, indicating that hemC is present in the cloned fragment. The protein encoded by ORF3 shows 59% sequence identity to B. subtilis HemC (Petricek et al., 1990) , identifying ORF3 as hemC.
The N-terminal part of the protein encoded by ORF4 (aa 1-245) is similar (54% identity) to CobA of Bacillus megaterium (Robin et al., 1991) and the C-terminal part of E. coli CysG, indicating that it functions as an Sadenosylmethionine-dependent UroIII methylase, i.e. it catalyses the first step in sirohaem synthesis. subtilis hemH (strain 3618A8) and was found to also complement B. subtilis hemEHY (Table 3) . This, together with partial sequence analysis of the cloned fragment, indicates that P. macerans contains a hemEHY operon very similar to that previously described in B. subtilis (Hansson et al., 1992) .
NHsLvKsvAEQIR-----KIGQATD--_------------------------: 515
IVKRGHVTVS-SPKHTKELAENVDKLIDGDFEVNRLYQMRRKK------------------
The protein deduced from ORFS shows similarity to HemB proteins from various species (Rhie et al., 1996) . pXMAC1 complemented B. subtilis hemB (Fig. 3 , Table   3 ) thus identifying ORFS as hemB. The first part of ORF6 encodes a polypeptide which shows similarity to Genes for sirohaem synthesis in B. subtilis
Sirohaem is a cofactor for assimilatory nitrite and B. subtilis HemL.
Another P. macerans DNA fragment (plasmid sulphite reductases and is therefore essential for growth pHMAC1) was isolated by complementation of B.
on nitrate or nitrite as a source of nitrogen and sulphate megaterium CobA, while B. subtilis NasF has a Cterminal extension of 240 residues (Ogawa et al., 1995) . The ylnD gene is located at 140" on the chromosome together with genes encoding enzymes for sulphate reduction. The nasF gene is located at 30°, clustered with genes encoding subunits of nitrite reductase. A NasF null mutant, LAB1926, does not grow with nitrate as a nitrogen source but can use sulphate as the only sulphur source (Ogawa et al., 1995) , i.e. it apparently contains sirohaem. The phenotype of the mutant shows that a protein other than NasF, probably YlnD, catalyses the S-adenosylmethionine-dependent methylation of UroIII in sirohaem synthesis.
The B. subtilis YlnF protein shows 47% sequence similarity to the E. coli CysGB domain (Fig. 4) and contains in the N-terminal part a consensus dinucleotide-binding sequence (GxGxxAxxxAxxxxxxA) which most likely is involved in binding NADH (Warren et al., 1994) . The ylnF gene is located in the same gene cluster as ylnD. A ylnF deletion mutant, strain 168AYlnF, was constructed (see Methods) in order to analyse whether or not YlnF has a role in sirohaem synthesis. The mutant was unable to grow on minimal medium plates with nitrate as nitrogen source and growth was fully restored only after addition of both cysteine and ammonia to the medium. Expression of the P. materans cysGB gene, from plasmid pXMAC3 or pXMAC15, in strain 168AYlnF complemented the defect (Fig. 3 , Table 3 ). These results demonstrate that YlnF in B. subtilis is required for sirohaem synthesis and most likely catalyses the synthesis of sirohaem from precorrin-2.
Thus, genes for sirohaem synthesis in B. subtilis seem to be clustered but are not linked to the two hem gene clusters encoding enzymes for UroIII synthesis from glutamyl-tRNA and protohaem IX synthesis from UroIII, respectively.
Genes for sirohaem synthesis in P. maceram
In contrast to B. subtilis, genes for sirohaem synthesis in P. macerans are part of the gene cluster for UroIII synthesis (Fig. 3 ). E. coli cysG was not complemented by the P. macerans cysGA-hemD or cysGB or these genes together (Table 4) . However, co-expression of cysGAhemD and cysGB in the mutant resulted in the accumulation of a greenish pigment. The pigment is presumably derived from UroIII and some type of sideproduct from the sirohaem synthetic pathway. (Raux et al., 1997; Beck et al., 1997) . In these two cases, precorrin-2 is probably non-enzymically oxidized to sirohydrochlorin (Raux et al., 1997) .
We conclude that P. macerans cysGA-hemD encodes a protein with UroIII methylase activity while P. macerans cysGB probably encodes a protein for sirohaem synthesis from precorrin-2.
The gene organization in P. maceruns is similar to the hemA-rysCs hemC cysCA-hemD hemB and hemA cysGH hemC cysGA-hemD hemL hemB clusters found in strictly anaerobic Clostvidium species, i.e. C. josui and C. acetobutylicum (Fujino et af., 1995; pre-release by GTC, www.genomecorp.com). Perhaps it reflects the fact that P. maceruns is a facultative anaerobe (Schirawski & Unden, 1995) .
Organization of the genes for UroIII synthesis together with those for sirohaem synthesis in one operon ensures that the enzymes for the whole pathway from glutamyltRNA to sirohaem can be co-regulated at the transcriptional level. This would be especially important under conditions where most or all of the UroIII produced in the cell is used for synthesis of the reduced metallo-tetrapyrroles, sirohaem and vitamin B12. A cysG*-hemD gene like that of P. macerans and Clostridzum species is found in evolutionarily very distant bacteria, e.g. in green non-sulphur bacteria (sequence data obtained through early release from The Institute for Genomic Research at www.tigr.org), cyanobacteria (Kaneko et al., 1996) and Mycobacterium (GenBank accession no. UOOOlS). Thus, it seems as if the cysGA-hemD gene is of early origin in evolution and has been split into two widely separated genes in Bacillus and Stupbylococcus species.
